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Abstract: Recently, visible light communication (VLC) based on LEDs has attracted much
attention. In order to realize multiusers indoor VLC systems, a reasonable channel model
considering random shadowing, which is first proposed to the best of our knowledge, is
significant. Taking the nonquantitative obstructions with random movement into account, by
introducing the Poisson process and the probability density function, we propose a weighting
function and set up a channel model. The expressions of the received optical power, the
horizontal illuminance and the impulse responses are given. The verification of the model’s
feasibility is presented through simulation. Moreover, based on the proposed channel model,
the simulation analysis of the effect of random shadowing on communication performance
is conducted, and the corresponding simulation optimization is also made.

Index Terms: Visible light communication (VLC), channel model, random shadowing,
weighting function.

1. Introduction

Recently, visible light communication (VLC) utilizing white LEDs has drawn considerable atten-
tion because of its multiple advantages such as less power consumption, high transmission rate,
unlicensed spectrum, enhanced security, anti-electromagnetic interference and so on [1], [2]. For
indoor VLC systems, full-duplex mode, multipath interference, multi-users access interference and
networking schemes are research hotspots. To solve these problems, the reasonable channel model
is significant for obtaining channel characteristics. As is known, almost all the VLC channel models
[3]-[12] are developed from those of IR [13]-[17] by including wavelength dependent white LED
characteristics and spectral reflectance of indoor reflectors. Particularly, in [10], the most realistic in-
door VLC channel modeling is proposed for static scenarios by considering the presence of furniture
and objects. The model presented in [10] has been endorsed by the IEEE 802.15.7r1 Task Group
as the reference model [12]. However, for the VLC channel, the main concern should focus on not
only the multipath effect due to many reflections, but also the effect of mobility and shadowing. In
[9], the shadowing effect caused by the human body is considered for VLC channel characteristics.
This however builds on some simplifying assumptions such as ideal Lambertian source and purely
diffuse reflections. To address these issues, in [11], a realistic VLC channel model assuming a
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mobile user is proposed. To demonstrate the benefits of link adaptation over a mobile VLC channel,
they also propose an adaptive system with luminary selection and demonstrate improvements in
spectral efficiency over non-adaptive systems.

In our work, the shadowing effect caused by the non-quantitative and randomly mobile ob-
structions (i.e., mobile users) with different characteristics such as size, position etc., is studied.
In practice, especially for the mobile multi-users communication systems nowadays, the random
shadowing is ubiquitous and has great effect on the performance of communication. Of course, on
the condition that multiple LEDs are used in indoor VLC systems, it is impossible that all the optical
links are blocked completely, namely, no absolute shadowing exists indoor. However, the shadowing
can block some certain optical links and then partially attenuates the channel characteristics (i.e.,
received power) indeed, and it is important during channel characterization.

In this paper, the diffuse link is considered without loss of generality [18]. The Poisson process
is introduced to describe the entrance of the moving objects into indoor VLC systems, and the
probability density function is introduced to characterize the size and the position of the obstructions.
In addition, a weighting function is proposed to describe shadowing effect. By utilizing mathematic
statistics, a reasonable channel model for indoor VLC is set up. The expressions of the received
power, the horizontal illuminance and the impulse responses are given. Through simulation, the
proposed channel model turns out to be feasible, which can obtain channel impulse responses
(CIRs) and RMS delay spread at any point in indoor VLC scenario. Based on the proposed channel
model, the distributions of the received optical power and the signal-noise ratio (SNR) are obtained.
And with comparison to the results presented by the conventional channel model for an empty room,
the effect of random shadowing on communication performance is analyzed. On a deeper level,
this paper analyzes the maximum available bandwidth in different communication environment with
different numbers of randomly moving obstructions therein. A simulation optimization of the LEDs’
direction and the photodetectors’ field of view is also presented focusing on the SNR'’s coefficient
of variation.

The remainder of the paper is organized as follows. In Section 2, we set up the channel model
considering random shadowing. In Section 3, through simulation, we verify our model’s feasibility
of obtaining CIRs, as well as RMS delay spread, for any point indoor. In Section 4, based on the
proposed channel model, we simulate and analyze the effect of random shadowing on communi-
cation performance. In Section 5, we conduct a simulation optimization for the indoor VLC system
with random shadowing. We finally conclude in Section 6.

2. Channel Modeling

In this section, we model the indoor VLC channel to account for the shadowing resulting from the
non-quantitative obstructions with random movement.

2.1 Statistical Methodology for Channel Modeling

The indoor topology can be arbitrary shape. For analysis, we assume that it is a cubic room
(X x Y x Z). We assume that the number of the obstructions entering into the room obeys the
Poisson processN;with intensity parameter ¢. Every obstruction has their own size (width w; and
height h; ) and position (x;, y;) independent and identically distributed. Whether each optical path
is blocked or not can also be regarded as independent. In this case, a weighting function Pyg
is presented to describe the probability of optical path AB being not blocked, where AB is a line
segment connecting any two points A (x4, ya, Za) and B (xg, y5, zg). Fig. 1 is the schematic diagram,
where some stationary articles are arranged in the room; L1, L2, L3 and L4 are LED lighting sources;
the green area denotes one of the mobile obstructions whose thickness is neglected; and point G,
whose coordinate is (x,, y,), is the midpoint of the projection of the mobile obstruction in the x-y
plane.
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L1 L2

Fig. 1. Schematic diagram of optical path AB being blocked by a mobile obstruction with width w, and
height h, in the indoor VLC system.

For the unshadowed case, the received power is given by the channel DC gain on directed path
H©)X(0; S;, R)) and reflected path H,.¢(0; S;, R)) [19], [20]

/
Pi(R) = > _[PH(0; S, R)) + PiH 1er(0; Si. R))] (1)
i=1

where, P;(R)) is the received power of the receiver R;, P; is the transmitted power, / is the number
of LEDs and S; denotes the i-th LED. Due to multiple bounces, H,((0;S;, R)) is expressed as
follows [21]

Hrer(0; S, Ry) = Y H®(0; 8, R) (2)
k=1

where H®(0; S;, R)) is the channel DC gain after k bounces, which can be obtained by the recursive
algorithm or the iterative algorithm.

For the shadowed case, a weighting function P,g, mentioned above, is presented to describe
the random shadowing deterministically. It is assumed that there is no obstruction in the room at
the initial time. Moreover, the possible obstructions moving into the room within a period of t can
be denoted by (w1, h1, X1, y1), (W2, ho, X2, ¥2), ..., (Wn,, hn,, Xn,, ¥n,)- Let p, denote the probability of
optical path AB being blocked by (wy, hy, xy, yv), where v takes values from 1 to N..p1, p2,...,pn,
are all independent and identically distributed, hence P, can be described as

Ny
E []‘[(1 - pv)] = exp[—E(py)et] (3)

v=1

(see Appendix A).

Let line segment CD represent the projection of line segment AB in the x-y plane, as shown in
Fig. 1. Apparently, the coordinates of points C and D are (x4, ya, 0), (x5, ys, 0) respectively. Draw a
line perpendicular to line CD from point (x,, y,) with point E being the foot point, and then construct
a line EF parallel to z axis through point E, point F is the intersecting point with line AB. Now,
the task now is to find out under what condition optical path AB will be blocked by (w,, hy, Xy, y).
Considering the geometric relationships illustrated in Fig. 1, we can summarize the condition as
follows:
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Fig. 2. Block diagram of the process of channel characterization.

(1) Half of w, is greater than or equal to the distance of point (x,, y,) to line CD, namely,w, >
2d(xv, yv);
(2) h, is greater than or equal to the length of line segment EF, namely, h, > s(x,, y,).
The coordinates of points A and B known, d(x,, y,) and s(x,, y,) can be calculated by utilizing the
truths of geometry:

|(ya — yB)Xy — (Xa — XB)Yv — XBY4 + XaYs]|

d(xy, yy) = , 4
( v}/v) Rz sing ( )
(Ras sin6)2+(xpr)zg{i:;g?n)zf[(xv—n Pru=ya)*] oot 5 5 25 < Za
1) (Rag sin 8)° +( )2+H(yy—ya)’ I )2+ )% ©)

Siné)“+(x,—Xx, v Xv—=XB) +Wv
A8 4 ngB sins 8 Yv—Vs cotd+2z4 zg > zy

where, R4p is the distance between points A and B, § is the angle between line AB and z axis.
Let g,(w, h) denote the joint probability density function of w, and h,, as f,(x, y) does to x, and
yv, the mathematic expectation of p,, E(p,), can be calculated from the view of statistics:

Elpv) = / / (f/ (w,h):w=2d(x,y),h>s(x.y)} gulw, h)deh> X )l ©

(see Appendix B).
Combining with (3), P4s can be obtained:

X Y
Pas = exp [—et/ / (// gv(w, h)dwdh) fu(x, y)dxdy:| (7)
0 0 {(w,h):w>2d(x,y),h>s(x,y)}

2.2 Channel Characterization

Considering the generalized Lambertian radiation pattern of the transmitters and reflectors [19],
[20] and multiplying the DC gain of each optical path by their corresponding weighting function
respectively, we can determine a series of channel characteristics: the received optical power,
the horizontal illuminance and the impulse responses. Fig. 2 illustrates our algorithm of channel
characterization, wherein how the proposed random shadowing, namely weighting function P4z,
is used in channel modeling is shown in detail. In Fig. 2, ROPO, ROP1, and ROPk denote the
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received optical power of the directed path, the first reflected path, and the k-th reflected path
without random shadowing, respectively; while accounting for random shadowing, ROP0*, ROP1#,
and ROPk* denote the received optical power of the directed path, the first reflected path, and the
k-th reflected path, respectively, and ROP denotes the total received optical power; WF00 denotes
the weighting function of the directed path between LED and PD; for the first reflected path, WF10
and WF11 denote the weighting function of the path between LED and the reflection point, and
between the first reflection point and PD, respectively; for the k-th reflected path, WFk0, WFk1, and
WFKkk denote the weighting function of the path between LED and the first reflection point, between
the first reflection point and the second reflection point, and between the k-th reflection point and
PD, respectively.

In addition, Fig. 2 takes the received optical power as example, the characterizations of horizontal
llluminance and impulse responses can be conducted in the same way.

2.2.1 Received Optical Power: Let P.(R;) devote the received optical power at the point where
the receiver R; is located, then,

I

P,(Rj) = Z I:PtH (O)(O; Sia Rj) + PtHref(O; Si» R/)] (8)
i=1
N
Her(0:S, R) =Y | HY (0; S, dA)HO(0; dA, R)) (9)
k=1 Asur
HO(0; ., dAy) = f HO2(0; S, dA_1)H O(0; dA 1. dA) (10)
ASW
(ms+ 1)Ag
HO(0; 5, Rj) = ~————""cos™(¢s,5,) cOS(ps ) To(¢s 7,905, U(FO VR, — wsg)Psa (1)
SiR;
ms+ 1)dA T
HO(0; S, dA) = (S—)glcosms(¢s,-dA,) COS(¢s,q4,)U (— - (pSfdA;) Ps.da, (12)
27R 5,44, 2

paas (Me+1)dA P4
HO(; dA, dAg) = i Wcosme(%mmg)COS(wdAfdAg)U (3 — vdnaa,) Paasaa, f#9 (13)

f=g

pda,(Me + 1)AR,

H (°)(0; dA,, R)) = COSme((bdAnR/.) cos(@da,R;)

27Rg,R,°
x Ts(@aa,r;)9(@da,r)U(FO VR — @da,r)Paa,ng; (14)
where, dAy, dAx_+,..., dAs devote the area of the independent differential reflecting element

respectively [3]-[8] and the integration is performed with respect to the surface Ay, of all reflectors;
the variables whose subscripts are S;dA, are defined for the two points that correspond to the i-th
light source and the differential element dA,; approximately; likewise, the variables whose subscripts
are dA¢dA g, dA,R; or S;R; are defined; N is the number of bounces considered; A g, is the physical
area of the detector in the receiver R;; R is the distance between the corresponding two points; ¢
is the angle of irradiance; ¢ is the angle of incidence; m is the directivity of an emission pattern,
which is derived from a semiangle at half power ®1,,, m = —In2/Incos ®1,2; ms and m, are for
the light sources and the reflectors respectively; u(-) is an step function; FO Vp, is the width of the
field of view at the receiver R;; P denotes the proposed weighting function; pgs, and pga, are the
reflectance values of the differential reflecting element dA; and dA, respectively; Ts(¢p) is the gain
of an optical filter and g(¢) is the gain of an optical concentrator which is given as [22]

2
9(p) = sinz,ZOVRI 0<¢=<FO VR/

(15)
0  ¢=FOV

where n denotes the refractive index.
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2.2.2 Horizontal llluminance: In the same way, the horizontal illuminance [19]-[21] at any point
where the receiver R; is located, E o (R;), can be obtained.

|
Ehor = Z 0)(31, R; ) + Eref(sl, )] (1 6)
N
E(5.R)= 3 [ E*s. da0EO AL ) (17)
k SUf
EUN(S.0A) = [ ECS, dAED(dA 1. A (18)
©) 10)
E™(S, Ry = 5C0S™*(¢s,r,) COS(¢sR,)Psp (19)
S,‘R/'
©) 10) m
E (S,', dA /) = —2003 S(¢S‘/dA/) COS(QDS,dA,)PS,dA, (20)
SdA,
(me+1)paa, Mo
EO(dA, dA,) = | 2oman,? S (¢an,da,) COS(@aa,aa,)Pansan, f#9 1)
0 f=g
EO(dA, R = et D000 gm0 ) coS(pan,m)Pas (22)
ZHRdAnRIZ ! ! !

where, /(0) is the center luminous intensity of an LED and m, is usually set as 1.
2.2.3 Impulse Responses: The impulse responses [3]-[17] between the transmitter S; and the
receiver R; accounting for random shadowing, h(t; S;, Rj), can be also determined.

N
h(t;S. R) =Y h¥(tS, R) (23)
k=0
WS, Ry = | A% (S, dAK) ® hO(t; dA, R)) (24)
ASU{
ms—+ 1)Ag,
hO(t; S, R) = (S—fcosmsws,a,) cos(¢sr) Ts(¢sr)
277RS;R/-
RS/H/
X g(QDSiRj)u(FO VH/ - <PS;R/)5 t— T PS[H/ (25)
+ 1)dA T Re
hO(t; S, dA) = (—)ICOS"’S(¢>S dA,) COS(@s,da,)U ( @S,-dA,) ) (f — M) Psdaa,  (26)
2R s 4n 2 2 c

paas(Me+1)dA
————C08"*(¢dA,da,) COS(¢aa,da,)

hO(t; dA, dA ) et A (27)
= - dA £ dA
ARt XU(5 — @dadn,)8(t — —=)Paa,an, f#4g
0 f=g
P n(m + 1)A R
hOX(t; dA,, R)) = dAe—zj c08™ (¢, R;) COS(@aa,A;) Ts(@an,A)
27R4a R,
Raa,m
% 9(@aa,r)U(FO VR, — @qga,R;)S (f - /> Paa,g, (28)

where, ¢ denotes the speed of light, m, is usually set as 1, ® means convolution.
I's worth noting that we consider flexible reflectance values for different surface materials (i.e.,
plaster wall, plastic wall, floor, ceiling, etc), p4a, and pqa, in the above formulas prove the behavior.
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In addition, our model can be easily extended to take the wavelength dependency of reflectance
into account. Let A denote wavelength, the power spectral distribution (PSD) of phosphor-based
white LEDs, ®(1), and spectral reflectance of various materials in the visible light bandwidth are
illustrated in [4] (seen in Fig. 1). Under the premise, T which denotes the power of the reflected
ray after k-bounces from the n-th LED, can be exactly calculated as [4]

M0 = [ @a0o1(0e2l0) - i) (29)
A
The simplified form with lower accuracy can be described by [4]

ng) = Pnf)n,1,bn,2 tet i)n,k (30)

where, ppx = Pln [, @n(A)pk(2)dA is the average reflectance, and P, = [, ®,(1)dA is the radiant power
of the n-th LED. Hence, what’s needed in our model is to adopt pga, and pga,, instead of pgs, and

PdA, -

3. Numerical Model Simulation

In this section, we simulate the CIRs and RMS delay spread based on the proposed channel model.
A5 m x 5Bm x 3 m room is chosen. Five scenarios are simulated for examples: scenario 1, an
empty room; scenario 2, a room where mobile obstructions entering at a Poisson process with
intensity parameter ¢ being 5 per minute; scenario 3, a room where mobile obstructions entering
at a Poisson process with intensity parameter ¢ being 10 per minute; scenario 4, a room where
mobile obstructions entering at a Poisson process with intensity parameter ¢ being 20 per minute;
scenario 5, a room where a stationary cuboid obstruction being located and mobile obstructions
entering at a Poisson process with intensity parameter ¢ being 10 per minute. Besides, we assume
that the duration of the Poisson entry is 5min. Other system parameters are listed in Table 1.

I's worth noting that the joint probability density function g,(w, h) and f,(x, y) can be arbitrary,
which depends on the actual situation. For illustrative purposes, we consider the uniform distribution.
Likewise, if we assign other functions to g,(w, h) and f,(x, y) according to the actual situation, we
only need to substitute them into the equations in our model correspondingly.

3.1 Channel Impulse Responses

Fig. 3 shows the channel impulse responses for all the scenarios. According to Fig. 2, it's easy
to find that when the weighting functions of all optical links are equal to 1, our channel model
corresponds to the conventional model. For scenario 1, namely an empty room, we calculate the
weighting functions of all optical links by (7) and the results are all equal to 1. Apparently, our
channel model is compatible with the conventional one.

From the above figures, the effect of random shadowing is shown by comparing Fig. 3(b)—(d)
with Fig. 3(a); wherein Fig. 3(b)—(d) present the trend of random shadowing with the increase in
intensity parameter ¢. In addition, under the condition of the same random shadowing effect, we
show the effect of the stationary obstruction by comparing Fig. 3(e) with (c).

The peak of the blue curve for one-bounce CIRs is about 97W/s, 42 W/s, 18 W/s and 4 W/s for
Fig. 3(a)—(d), respectively; likewise, the peak of the red curve for two-bounce CIRs is about 10 W/s,
6 W/s, 4 W/s and 2 W/s for Fig. 3(a)—(d), respectively. It can be seen that the existence of randomly
mobile obstructions significantly decreases the CIRs. With the increase in intensity parameter ¢, the
random shadowing effect becomes more and more serious and the CIRs get smaller and smaller, as
shown in Fig. 3(b)—(d). Comparing Fig. 3(e) with (c), we can find that the existence of the stationary
obstruction induces one more peak for one-bounce CIRs when time delay is around 13 ns. This is
because that the stationary obstruction surface serves as the reflective surface for the first bounce.
The amplitude of the new peak is around 6 times larger than that of the peak of one-bounce CIRs
without the stationary obstruction. The reason is as follows: when the stationary obstruction surface
serves for the first bounce, the optical link has a smaller transmission distance, as well as the angle
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TABLE 1
System parameters

Materials of the room surface (north, south, west, east, (Aluminum, Aluminum, Plate Window Glass, Pine Wood,
ceiling, floor) Plaster, Black Gloss Paint)

Number of LED 1

Transmitted power (blue component) of the LED 1w

LED’s semi-angle at half power 60°

LED position (m) (2.5,25, 3)

Elevation and azimuth of the LED 90°, 0°

Physical area of PD 1 (cm?)

FOV (Field of View) of PD 70°

Responsivity of PD (Si-APD) 0.53 A/W

PD position (m) (2.5, 2.5, 0)

Elevation and azimuth of PD 90°,0°

Gain of the optical filter 1

Gain of the optical concentrator 1

Vertexes coordinates of the stationary obstruction (m) (3.65, 0, 0), (3.85, 0, 0), (3.65, 10/3, 0), (3.85, 10/3, 0), (3.65,

0, 2), (3.85, 0, 2), (3.65, 10/3, 2), (3.85, 10/3, 2)
Materials of the stationary obstruction surface (north, south, (Plaster, Plaster, Light-absorbing material, Light-absorbing

west, east, top, bottom) material, Light-absorbing material, Light-absorbing material)

Materials of mobile user surface (north, south, west, east, (Light-absorbing material, Light-absorbing material,

top, bottom) Light-absorbing material, Light-absorbing material,
Light-absorbing material, Light-absorbing material)

gv(w, h) U(0,2)

fu(x, ) U(0, 25)

Time resolution 0.5 (ns)

Space resolution 0.25 (m)

of irradiance, thus providing a higher channel DC gain; in addition, the reflectance of the room
surface (around 0.58) is smaller than that of the stationary obstruction surface (around 0.8) in our
simulation. The multiple is around 6 occasionally in our simulation scenario and it varies if the
simulation scenario differs (i.e., different positions or sizes of the stationary obstruction, different
reflectances, etc.). Moreover, the stationary obstruction has little effect on two-bounce CIRs. The
reason is that a single reflective surface takes up a smaller and smaller proportion with the increase
in the order of reflection.

3.2 Time Dispersion

Once we obtain CIRs, we can calculate the time dispersion parameters of channel such as RMS
delay spread and mean excess delay, which are, respectively, given by [18]

[ (t— wo)?h2(t)at

TRMS = = (0 (31)
3 73, th3(tat
T0 = W (32)
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Fig. 3. Channel impulse responses at the PD’s position in (a) scenario 1; (b) scenario 2; (c) scenario 3;
(d) scenario 4; (e) scenario 5, where k corresponds to the k-th bounce.

Concerning the above scenarios, the time dispersion parameters of channel at the PD’s position
are shown in Table 2.

We can conclude from Table 2 that the existence of randomly mobile obstructions decreases both
mean excess delay and RMS delay spread. Differently, the existence of the stationary obstruction
decreases mean excess delay while increases RMS delay spread. The reason is as follows. First,
while the stationary obstruction surface serves as the reflective surface for some certain optical links,
the corresponding time delays are lower than those with the room walls as the reflective surface,
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TABLE 2
Mean Excess Delay and RMS Delay Spread for Different Scenarios

0(ns)  trRms(NS)

Scenario1 1229  4.99
Scenario2 10.65 3.27
Scenario3 10.61 2.44
Scenario4 10.57 1.54
Scenario5 10.24  3.16

hence mean excess delay decreases overall. Then, concerning the same order of reflection, the
time delays of all the optical links are almost the same to a certain extent without the stationary
obstruction wherein, however, the existence of the stationary obstruction greatly decreases the time
delays of some certain optical links as mentioned above, which leads to a larger variance, as a
result, RMS delay spread increases.

It should be emphasized that we assume an LED and a fixed PD’s position just for verification
of the proposed model’s feasibility. In reality, distributed LED array lighting sources composed of
many LEDs are often utilized for communication concurrent with illumination. We only need to
superpose all the solutions induced by each LED, which will be involved in the next section for 4
LEDs. Apparently, no matter where the PD is located, the new model can work in the same way.

4. Communication Performance Simulation and Analysis

As is well known, the performance of a communication system is evaluated by reliability (SNR
or BER) and validity (channel bandwidth). Therefore, in this section, based on our model, we
conduct a simulation and analysis of communication performance of a VLC system involving random
shadowing.

In order to be more practical, we make some improvements to the system parameters set in
Section 3. We adopt 4 LED lighting sources and each of them has a TX power of 15 W. The
coordinates of these lighting sources are (1.5, 1.5, 3), (1.5, 3.5, 3), (3.5, 1.5, 3) and (3.5, 3.5, 3),
respectively. The other system parameters are the same as the above.

4.1 SNR
In the VLC, the SNR can be calculated by [23]
)/2K2P,2 N yK2P,

SNR = ~
2ey(Pr + Py + P1s1)B + 26l 4B + Utzhermal + y2PIZSI 2eB

(33)

where, y denotes the responsivity of PD, K means the ratio of signal power to total power, P, is
the received optical power, e denotes the electronic charge, P, denotes the background noise, Pg
denotes the inter-symbol interference noise, B denotes bandwidth, /4 is the dark current and o,
means the thermal noise variance.

Once the SNR is known, the BER can be correspondingly obtained according to the mod-
ulation scheme. Take NRZ-OOK for example, the relationship between SNR and BER can be
expressed as

BER = Q(~/SNR) (34)
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Received optical power(dBm)

Fig. 4. The distribution of (a) received optical power, Min. -13.67dBm, Max. -8.48 dBm, Ave. -10.38 dBm
and (b) SNR, Min. 24.54 dB, Max. 29.73 dB, Ave. 27.83 dB in scenario 1.
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Fig. 5. The distribution of (a) received optical power, Min. —17.05 dBm, Max. —10.54 dBm, Ave.
—12.83 dBm and (b) SNR, Min. 21.16 dB, Max. 27.68 dB, Ave. 25.38 dB in scenario 3.

where Q (-) is Q-function. Apparently, in order to guarantee the BER below 1 x 1078, the SNR must
be greater than 13.6 dB.

We choose B = 100 MHz, K = 0.02 and simulation step A/ = 0.2 m, then, the distribution of
received optical power and SNR is shown in Figs. 4—6 for scenario 1, scenario 3 and scenario 5
respectively.

Comparing Fig. 5 with Fig. 4, we can find that the existence of randomly mobile obstructions in
scenario 3 decreases the average SNR by ~2.5 dB and makes the distribution of received optical
power, as well as SNR, not smooth any more. However, SNR on the entire receiving plane is higher
than the threshold of 13.6 dB [19], which means the indoor VLC system is still reliable while the
bandwidth is 100 MHz. Besides, it can be seen from Fig. 6 that the existence of the stationary
obstruction may cause outage of illumination and communication at some certain receiving points.
The corresponding solution is to install additional LEDs around the stationary obstruction based on
the actual situation.

4.2 Channel Bandwidth

We explore the maximum available bandwidths in scenario 1, 2, 3 and 4 respectively under the
constraint condition that the minimum SNR on the entire receiving plane is higher than the threshold
of 13.6 dB [19]. According to preceding text, in scenario 5, it makes no sense to discuss the minimum
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Fig. 6. The distribution of (a) received optical power, Min. -Inf, Max. —10.54 dBm, Ave. -Inf and (b) SNR,
Min. -Inf, Max. 27.68 dB, Ave. -Inf in scenario 5.
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Fig. 7. The minimum SNR variations of different bandwidths in different environment.

SNR due to the outage. Therefore, a simulation is conducted for scenario 1, 2, 3 and 4 to show the
minimum SNR variations of different bandwidths, as illustrated in Fig. 7.

With the minimum SNR of 13.6 dB as the constraint condition, we can conclude from Fig. 7 that
the maximum available bandwidths in scenario 1, 2, 3 and 4 are 1200 MHz, 800 MHz, 550 MHz and
250 MHz, respectively. The reason for the divergence lies in different numbers of randomly moving
obstructions therein, namely, with the increase of the randomly moving obstructions, the available
bandwidth will decrease.

However, the modulation bandwidth of LED is limited due to its low-pass filter nature. Currently,
the modulation bandwidth reaches only 175 MHz [24] for WLED utilizing blue filter, equalization
technique, and pre-emphasis technique. Taking the modulation bandwidth into consideration, we
can conclude that the available bandwidths in the four scenarios are all equal to 175 MHz. Moreover,
it can be foreseen that if more randomly moving obstructions exist, the available bandwidth can be
less than the modulation bandwidth.

5. Simulation Optimization

In this Section, in terms of the LEDs’ direction and the PD’s FOV, we conduct a simulation optimiza-
tion for the randomly shadowing VLC system.

Vol. 9, No. 6, December 2017 7908416



IEEE Photonics Journal Study on VLC Channel Modeling Under Random Shadowing

0.1 T T T

—E— scenario 1
—&— scenario 3

0.09

0.05

0.04 1 1 1 I 1 1 1
50 55 60 65 70 75 80 85 90

Elevation angle of LED(degree)
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Fig. 9. CVsnp variations of different FOVs of PD in different environment.

It should be noted that our simulation optimization aims to acquire a high level of average SNR
and low dispersion of SNR which means the variability in the level of SNR at different positions
in the room. Because the average SNR is always small while the variance of SNR is small, the
dispersion of SNR should not be measured by the variance, but the coefficient of variation CVgsyg,
which is defined as the ratio between the standard deviation of SNR to the mean SNR [25]

CVsnvr = osnvr/IsnR (35)

5.1 Elevation Angle of LED

First we choose a set of common values for the elevation angle of LED; then based on our channel
model, we calculate the coefficient of variation CVgyg for each elevation angle value using MATLAB;
finally we select the elevation angle value, which corresponds to the minimum CVgyg, as the
optimal one. Fig. 8 shows CVgyp variations of different elevation angles of LED in scenario 1 and
scenario 3.
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It can be seen from Fig. 8 that the existence of randomly mobile obstructions leads to greater
CVsng, which is consistent with preceding presentation concerning the unsmooth distribution of
SNR. Moreover, no matter whether randomly mobile obstructions exist or not, the optimal elevation
angle of LED should be 90°.

5.2 FOV of PD

The optimization approach is the same as that for the elevation angle of LED. Fig. 9 shows CVgyg
variations of different FOVs of PD in scenario 1 and scenario 3.

It's worth noting that CVgyg is not a number while PD’s FOV is smaller than 40°, which means
the existence of outage at some certain receiving points no matter whether randomly mobile
obstructions exist or not. Moreover, CVgyg reaches the minimum value while PD’s FOV is larger
than 60°. In general, larger PD’s FOV means louder noise, hence the optimal FOV of PD should
be 60°.

6. Conclusion

In this paper, considering the effect of the random shadowing induced by the non-quantitative and
randomly mobile obstructions, we study the channel characteristics of indoor VLC systems. In
our discussion, the entrance of the moving objects obeys the Poisson process, and the size and
position of the obstructions are described by the probability density function. In addition, a weighting
function is statistically presented to account for the random shadowing. On this basis, a reasonable
channel model is set up. The expressions of the received power, the horizontal illuminance and
the impulse response are given. We verify the new model’s feasibility of obtaining CIRs and RMS
delay spread. On a deeper level, the effect of random shadowing on communication performance
is analyzed and a simulation optimization is conducted based on the new model. What’s gratifying
is that our channel model is general in use regardless of the positions of the light sources and the
receivers (i.e., on the ceiling, walls, desk, etc.). Apparently, the model is able to be applied to uplink
or downlink, and the key issue is to compare z4 andzz in (5).

The proposed model is based on the conventional channel model and shows complete compat-
ibility. It's worth noting that our method to deal with “random shadowing” can be adopted in other
VLC channel models such as the reference model of 802.15.7r1. We only need to multiply the
obtained channel DC gain of any optical link by its corresponding weight, which can accord with
indoor VLC channel better, especially for multi-users mobile VLC systems.

Appendix A
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Appendix B
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